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section of a turbo-machine is depicted. Obviously the fan pro-1. Introduction duces tones of high intensity compared to the broad band noise
Active control of sound propagation in ducts plays an important level. Attenuation of these tones by means of passive absorbers role in many technical applications, e.g. the attenuation of noise often is not sufficient. Therefore the active suppression of the in ventilating systems or in the exhaust systems of combustion tones represents a reasonable improvement.
engines. Today many control strategies exist for the simplest case, which is the noise control in the low frequency range in A common approach for active noise control consists in the use ducts the lateral dimensions of which arc small compared to the of the well known adaptive LMS-algorithm. This strategy igwavelength of sound. Up to the cut-on frequency of the first nores to a certain extent the properties of the physical system to higher order mode a suppression of the propagating plane sound be controlled. Furthermore, with increasing complexity of the waves is possible in a broad frequency range. modal sound field the numerical costs of the adaptive system
The situation is more difficult when the lateral duct dimensions increase fast and the problem of numerical instabilities occurs.
become large compared to the wavelength, as for example in the Thus a physical approach is reasonable, which aims at minimiintake section of an aircraft engine. With increasing rotor speed sation of only the dominant modes of the undesired tone. This an increasing number of acoustical modes becomes present. This results in a reduction of the control effort. Furthermore the means, the system comprises an increasing number of degrees of stability of the complete modal control process is improved due freedom. As a consequence, control of the sound field is practito its separation into a number of independent subprocesses for cable just in a narrow frequency band or even limited to discrete individual modes. Besides, as another control strategy, the difrequencies. rectivity of the radiated tones in the far field outside the duct can
In figure 1 the frequency spectrum of the sound field in the duct be influenced through a specific control of the modal structure,
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.In this regard a azimuthal mode control strategy was developed bp and experimentally proved by NASA Lewis Research Centre in 1996 (Pla and Hu [1]). By use of a single ring with pressure 100-2*bpf sensors and one ring with actuators they were able to reduce one 3*p dominant azimuthal mode at the axial ring location of the sensors.
As the amplitude of the azimuthal mode is a function of the 19-3 azimuthal mode consisting of N radial modes, at least N sensor In order to get a more realistic azimuthal modal spectrum as an rings are necessary. If the azimuthal mode amplitude input for the simulation, a modal noise amplitude appropriate to f,,(x 1 ,r ,o) at these N axial positions x. is reproduced on the a measurement error of the sensors is added to the modal amduct wall ( r = r. ), the radial structure in the duct is also reproplitudes in P (to) . The magnitude of the noise amplitude is dueed implicitly. related to the maximum modal amplitude by considering a given 'signal-to-noise-ratio' a .
For simplicity a vector of azimuthal mode amplitudes of mode order m at the set of axial positions { x, } resp. { x, } is intro-
In figure 4 the simulation of the IRMC in the azimuthal mode duced: domain is divided into two parts. In the first step the modal vector P is used to calculate the actuator signal amplitudes , according to equation (7). For brevity the corresponding
, transformation is represented by the modal transfer matrix T"J
in figure 4. Equation (6) gives the secondary modal amplitudes S, generated at the sensor locations with help of the modal In equ. (5) used, r, can be dropped in the further analysis. Thus equation (4) can be rewritten as The presence of noise leads to deviations between the "meas-
ured" and the actual modal amplitudes at each sensor location, and one obtains the solution of equation (3) as least square fit
¢= For that reason an iterative algorithm is used in the following
Since the system is linear, the control process can be performed steps, which should optimise the actuator amplitudes step by separately for each mode order m of a single tone. step in order to minimise the residual mode amplitude.
The task is solved by a multiple-channel LMS-algorithm in the
The Final actuator signals (in the frequency domain) can he azimuthal mode domain. The iterative algorithm, originally computed according to equation (1) for each actuator at position (x,,r, q,). In order to generate the secondary tone with the correct phase leading to the cancellation of the primary field, it P.
-T j is locked to a trigger signal, which is produced by the rotor, first step 1__7
Theoretically the system of linear equations (7) The performance of the IRMC-algorithm in the presence of described by equation (8). In the absence of noise or with very noise is examined in this chapter. The calculations have been low noise levels (c >30dB), the IRMC cancels the primary tone carried out for the same parameters as in chapter 5 for completely after the first step for any &. For cr <30dB and a kjrý = 16.3. The magnitude of the amplitudes of the primary ring distance 3x corresponding to a quite good condition, the modes, that are radiated by the rotor and propagate upstream, control is stable and after a few iterations the algorithm also are randomly distributed about P,1. = 85 dB. The reflected converges. But with increasing noise level, and ring spacings modes propagating in flow direction are assumed to be in the corresponding to an ill-conditioned system, the system becomes range of P+,7 = 70 dB. The iterative control system is considered unstable. In these cases lots of iterations are necessary until to be converged, if the mean residual amplitude over all sensors convergence is reached, or the control system even does not equals 50 dB. converge at all.
In with a -30dB. In the coordinate system used here, the rotor is The contour plot in figure 9 shows the residual modal ampli- noise ratios ar (m=8, n=0,1, ki', = 16.3 ).
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tudes E, (x, r,) along the duct axis for the mode order m=8
The upper graph of figure 10 shows a control attempt for mode anda =15 dB for different ring spacing &x. As examination of order m=l and c= 25dB. The azimuthal mode contains 10 the matrix U predicted, for a ring spacing &x connected with radial modes (ep. figure 6 ) and should be detected by 10 sensor bad condition of U , the system does not cancel the primary rings with an axial spacing 5x/t i, = 0.1 corresponding to a mode or even diverges, which is indicated by residual modal matrix U with minimum condition. Nevertheless the condition amplitude Eg larger than the modal amplitude ,, of the prifor this configuration is quite bad and convergence is not mary tone.
reached. This example again confirms, that control achieved at the sensor location does not imply control at all duct locations.
Note, that control of the primary mode at the locations of the The situation is improved with additional sensor inputs, e.g.
sensors is successful for arbitrary ring spacings 5x: the reducwith 13 sensors, which is shown in the bottom graph of figure .40 Figure 10 : Azimuthal mode amplitude of the primary and Figure 9 : Residual azimuthal mode amplitude along the duct the residual tone along the duct axis for a modal signal to axis with a modal signal to noise ratio of a =15 dB; the noise ratio of 25 dB and 10 sensor rings (top) resp. 13 sensor arrows mark the positions of the sensor rings depending on rings (bottom) (axial ring spacing Sxir = 0.1, m=l, 3x (m=8, n' =0,1, k/r = 16.3, rotor at x=O).
n ' =0,...,4, kj-' = 16.3, rotor at x=O).
19-7 muthal and radial structure across the duct. Evidence to that tempts at several frequencies simultaneously require a detailed regard is given in figure II and 12 , which show the pattern of analysis with respect to the optimal ring spacing.
the primary and residual azimuthal mode, P and E resp., An important result with regard to the experimental analysis of across the duct corresponding to the control attempt shown in active control concepts is, that noise control achieved at the figure 10 . positions of the sensors does not necessarily mean a complete control at all positions in the duct.
Summary
The results of the analysis and simulation show, that the IRMC-
The simulation results show further, that it is not necessary to concept enables an effective control of the azimuthal and radial place the sensor rings in the axial direction according to a spatial structure of acoustical modes in circular and annular ducts withNyquist criterion. This can be explained by the fact, that in the out the need to determine the radial amplitudes directly. All adaptation process only the radial mode amplitudes belonging to azimuthal modes of a tone can be reduced by using the same certain discrete modal wavenumbers k, have to be fitted imring spacing for the sensor rings and actuator rings. In this conplicitly. 
